Astrocytes have various important roles in brain physiology. To further elucidate the details of astrocytic functions under normal and pathological states, astrocyte-specific measurements are mandatory. For studying brain energy metabolism, the use of the astrocyte-specific energy substrate acetate has proven to be of great value. Since the first applications of labeled acetate for brain studies about 50 years ago, numerous methodologies have been developed and employed in compartment-specific investigations of brain metabolism. Here, we provide an overview of these different methodological approaches and review studies employing acetate labeled with the most commonly used carbon isotopes.
Introduction
Labeled substrates have an important role in the investigation of brain energy metabolism. Most prominently, glucose analogs, such as radiolabeled 2-deoxyglucose, are used extensively for the study of cerebral glucose utilization in animals (Sokoloff et al, 1977) . This approach gained an increase in popularity from the introduction of positron emission tomography (PET), which together with fluorodeoxyglucose, allowed noninvasive functional maps based on regional metabolic rates to be obtained in humans for the first time (Greenberg et al, 1981) . Although excellent regional metabolic differentiation can be achieved with fluorodeoxyglucose PET, the spatial resolution does not yield direct cellular information. It is presently widely accepted that astrocytes have important roles in the neuron-glial metabolic interaction and exhibit distinct glycolytic and oxidative metabolism (Hertz et al, 2007; Magistretti, 2006) . Astrocytes consume up to 30% of the total cerebral energy use (Hyder et al, 2006; Iadecola and Nedergaard, 2007) and account for about 15% to 30% of brain oxygen consumption (Hertz et al, 2007; Lebon et al, 2002) . In this context, it is obvious that astrocyte-specific metabolic markers are highly desirable. Because the deoxyglucose method is not cell specific and reflects merely glycolytic rate rather than oxidative metabolism, it is not sufficient for the study of cerebral metabolism. Therefore, considerable attention has been attributed to acetate, which enters the metabolic pathway after the glycolytic branch point, as a tracer for astrocyte-specific oxidative metabolism. In this mini review, we first describe the molecule's characteristics and recapitulate the concept of metabolic compartmentation based on initial acetate experiments. Second, we focus on the different types of labeled acetate and introduce the related techniques used for their detection. The principal aim of this compilation is to concentrate on methodological aspects and to provide an overview of the different approaches highlighting their respective strengths and shortcomings.
'Large' and 'small' pool in brain energy metabolism Cerebral energy metabolism is highly compartmentalized, and there is evidence for substrate trafficking between astrocytes and neurons. In the 1960s and 1970s, the concept of two separate metabolic pools was proposed based on predominant glutamine labeling following injection of certain [
14 C]-labeled substrates. In particular, data from studies using labeled acetate stimulated the notion of separate metabolic pools (Berl and Frigyesi, 1969; Van den Berg et al, 1969) : a 'small' and a 'large' glutamate pool. Based on histochemical studies, the concept of cell specificity was introduced, thereafter assigning the large pool to neurons and the small pool to glial cells. In the intact brain, it was observed that glutamine synthetase, the enzyme converting glutamate to glutamine, was specifically localized in astrocytes (Martinez-Hernandez et al, 1977) . Subsequently, [1- 3 H]-acetate autoradiography experiments further supported the concept of metabolic compartmentation by providing evidence for acetate accumulation chiefly in glial elements (Muir et al, 1986) .
Why can acetate serve as a marker of astrocytic metabolism?
The aforementioned work demonstrated an entrapment of acetate mainly in astrocytes; however, the reason for this astrocytic preference was unclear. Many years after the first studies suggesting separate metabolic pools, Waniewski and Martin (1998) (Deelchand et al, 2009; Hosoi et al, 2009) and Patel et al (2010) demonstrated that cerebral acetate utilization in the cortex of anesthetized rats was saturated at considerably lower acetate levels than the transport capacity. Table 1) . The most important methods used for the study of astrocyte metabolism are discussed here. An important aspect, which has to be taken into consideration when using labeled acetate, is the labeling position. As a consequence of its two-carbon structure, acetate can be labeled at the 1 or 2 position. When labeled at position 1 (1-C-acetate), the isotope already leaves during the second turn of the tricarboxylic acid (TCA) cycle, and a large fraction of the label is lost as CO 2 ( Figure 1A , left panel). When labeled at the 2 position (2-C-acetate), the isotope is lost only during the third and subsequent turns, and more label ends up in metabolites such as glutamate, which further delays the loss of label (Van den Berg et al, 1969; Van den Berg and Ronda, 1976) . In accordance, 5 minutes after injection, the label is retained about 30% more with 2-C-acetate compared with 1-Cacetate (Dienel et al, 2001) . Therefore, 2-C-acetate is the preferred tracer for autoradiographical use. After initial studies, which mainly concentrated on rates of metabolism of [
14 C]-acetate in peripheral tissues (Busch and Baltrush, 1954) , the 'acetate era' for brain studies began about one decade later. Early work in the late 1960s and early 1970s concentrated on the chromatographic separation and subsequent scintillation counting of resulting fractions to study the build-up of labeled metabolites in brain tissue extracts (Berl and Frigyesi, 1969; Gonda and Quastel, 1966) . This method offers the opportunity to follow the entry of the radiolabel ([ 14 C]) into TCA cycle substrates and related metabolites (e.g., glutamate, glutamine, g-aminobutyric acid, etc.). However, the methodology suffers from a poor spatial resolution, limiting regional metabolic information for exact localization of changes in astrocyte metabolism and inferences about acetate metabolism referring to areas with increased synaptic activity are difficult to make.
[ 14 C]-labeled acetate can also be used in combination with microdialysis. This is applicable in the freely moving animal and allows conclusions about the relative compound oxidation (for review see Zielke et al, 2009 Labeled acetate as a marker of astrocytic metabolism of the microdialysis probe is invasive and a calculation of absolute oxidation rate is not possible. Another disadvantage of this method is the limited number of measurements from a limited number of sites. Somewhat later, an approach to measure the [ 14 C]-acetate distribution in brain slices was introduced (Dienel et al, 2001; Muir et al, 1986 ). This accumulation-based autoradiographic method significantly increases spatial resolution and provides valuable information on the precise localization and spatial extent of acetate turnover in the brain. It allows correlation of, for example, stimulationevoked changes in specific brain areas with astrocytic metabolism. However, intrinsic spatial resolution at a cellular level is still not reached. Quantitative autoradiography has been used in conscious animals to show that auditory and photic stimulation induced astrocyte activation in the acoustic and visual structures, respectively. In activated structures, acetate uptake was found to be increased between 14% and 20% compared with the contralateral hemisphere (Cruz et al, 2005; Dienel et al, 2007) . However, the autoradiographic approach measures only total [ C]-acetate. Longer uptake periods resulted in a significant loss of radiolabeled products (either from decarboxylation reactions or from diffusion of labeled metabolites), causing an underestimation of utilization rates . [ 14 C]-Acetate is often injected into awake animals, but due to the low emitted energy, tissue needs to be harvested for the measurement of radioactivity. Thus, only one time point per animal can be evaluated, necessitating a high number of animals to obtain temporal information. We demonstrate below how temporal information may be helpful for accurate conclusions using radiotracers. Labeled acetate as a marker of astrocytic metabolism MT Wyss et al (NMR) spectroscopy presented a substantial advance with respect to the identification of metabolic products. Initial in vivo studies were reported in the mid 1980s (Rothman et al, 1985) . This powerful technique detects the label in different molecules and even at different positions in the same molecule following the injection of [
13 C]-labeled compounds, and thus allows brain metabolism to be observed in situ (Gruetter et al, 2003) . Together with appropriate metabolic models, the measured dynamics of the [ 13 C]-label in metabolic pathways permits the quantitative determination of metabolic rates in the brain and establishes the relationships between different cerebral metabolic fluxes. In comparison to [ 13 C]-glucose studies, where individual metabolic fluxes in neurons and astrocytes require assumptions, the separation with the astrocyte-specific [ 13 C]-acetate is more direct. As an example, using [2-
13 C]-acetate it was found that astroglial TCA cycle fluxes were 0.14 ± 0.06 mmol per gram per minute; this value being about two times higher compared with the value obtained by the same group using [ 13 C]-glucose (Lebon et al, 2002) , thus reflecting the relative insensitivity of the glucose experiment due to entry into both compartments. Nevertheless, Sonnewald and Kondziella (2003) extensively used [ 13 C] NMR spectroscopy to study the role of astrocytes in the metabolic interaction between neurons and astrocytes in normal brain and in numerous pathologic situations (Melo et al, 2007) .
A problem of the NMR technique is its low sensitivity and as a consequence the need for a high concentration of label. This leads to high (unphysiological) acetate concentrations in blood and brain, which potentially interfere with the acetate kinetics (Deelchand et al, 2009; Dienel et al, 2007) , an issue which is not present in studies where only tracer concentrations are used (radiotracer studies). Despite the recent technical advances of NMR spectroscopy, radioactivity-based methods remain superior with respect to this aspect. Because of its applicability in humans, [1- 11 C]-acetate has previously been suggested for use as an astrocytic metabolism marker (Hosoi et al, 2004; Muir et al, 1986) . It was first used in cardiac studies to measure cardiac oxygen consumption (Buck et al, 1991) . Only recently, the feasibility of this approach for brain activation studies in vivo has been presented (Wyss et al, 2009) . In an earlier ex vivo NMR spectroscopy study, it was suggested that in addition to close neurometabolic coupling, astrocytic metabolism is also closely linked to brain work (Serres et al, 2008) . They found an increase in metabolic activity in both astrocytic and neuronal compartments in awake versus anesthetized rats and demonstrated a tight coupling between neuronal TCA cycle, Glu-Gln cycle, and glial TCA cycle activities, suggesting the importance of the oxidative compartment for glial energy production. In our study (Wyss et al, 2009) , we showed for the first time that changes of [1-
11 C]-acetate kinetics can be used to estimate the activity of the astrocytic oxidative metabolism in animals and humans. By applying classical kinetic modeling, rate constants can be derived from the measured time-activity curves if an arterial input curve is acquired in parallel. We found an increase in the parameter k 2 reflecting radiolabel washout upon stimulation of the cortical area under study ( Figure 1B) . We interpret this parameter to reflect oxidative metabolism. Prerequisites for this to be the case are (1) the removal of the [ 11 C]-CO 2 derived from acetate oxidation is not rate limiting and (2) that during the time of examination, no relevant amounts of other labeled TCA cycle metabolites, such as glutamate and glutamine, are transferred to neurons and oxidized therein. Both preconditions are fulfilled. First, [
11 C]-CO 2 passes the blood-brain barrier without mentionable restrictions. Second, despite a highly active glutamateglutamine cycle in the normal brain, it was found that during 20 minutes of acquisition, the labeled glutamine/glutamate mainly reflects astrocytic substrates (Lebon et al, 2002) . In addition, the short physical half-life of [ 11 C] (T 1/2 = 20.4 minutes) allows several consecutive injections. Thus, refined study protocols are possible. For example, the kinetics at baseline and during an intervention can be assessed in the same subject.
One major advantage of [ 11 C]-acetate compared with [
14 C]-acetate is the ability to inject tracer amounts and still acquire a strong signal that can be recorded with relatively high temporal resolution using b-probes or PET. Temporal information is valuable because it allows the separation of tracer delivery and metabolism. Using compartmental modeling, we demonstrated that both the delivery parameter K 1 and the washout parameter k 2 increased during stimulation ( Figure 1B ). With such a tracer, autoradiographic studies limited to only one time point are difficult to interpret. This is demonstrated in Figure 1 , panel C. For instance, at 5 minutes, the increased tracer concentration can be purely the result of increased blood flow as demonstrated by the dashed gray curve. At later time points, the tissue concentration is even lower during stimulation than at baseline, due to the higher washout rate. Autoradiographic studies are therefore ideally performed with tracers that are trapped.
Future: how can the different methods profit from each other?
Each of the presented methods exhibits specific advantages and shortcomings. The latter can sometimes be overcome by a combination of modalities. For example, the kinetic radiotracer approach may Labeled acetate as a marker of astrocytic metabolism MT Wyss et al benefit from biochemical knowledge obtained from NMR spectroscopy. The use of modified NMR-based models will enable fitting of PET/radiotracer data to extract specific glial metabolic fluxes (Lanz et al, in preparation) . On the other hand, PET offers an alternative for faster measurements of astrocytic metabolism compared with NMR spectroscopy. Furthermore, glial functions are disturbed in the early stage of several neurologic disorders, such as temporal lobe epilepsy and hydrocephalus (Sonnewald and Kondziella, 2003) . This finding highlights the clinical potential of an astrocytic metabolic marker.
